β-propellers that bind polyphosphoinositides (PROPPINs), a eukaryotic WD-40 motif-containing protein family, bind via their predicted β-propeller fold the polyphosphoinositides PtdIns3P and PtdIns(3,5) P 2 using a conserved FRRG motif. PROPPINs play a key role in macroautophagy in addition to other functions. We present the 3.0-Å crystal structure of Kluyveromyces lactis Hsv2, which shares significant sequence homologies with its three Saccharomyces cerevisiae homologs Atg18, Atg21, and Hsv2. It adopts a seven-bladed β-propeller fold with a rare nonvelcro propeller closure. Remarkably, in the crystal structure, the two arginines of the FRRG motif are part of two distinct basic pockets formed by a set of highly conserved residues. In comprehensive in vivo and in vitro studies of ScAtg18 and ScHsv2, we define within the two pockets a set of conserved residues essential for normal membrane association, phosphoinositide binding, and biological activities. Our experiments show that PROPPINs contain two individual phosphoinositide binding sites. Based on docking studies, we propose a model for phosphoinositide binding of PROPPINs.
β-propellers that bind polyphosphoinositides (PROPPINs), a eukaryotic WD-40 motif-containing protein family, bind via their predicted β-propeller fold the polyphosphoinositides PtdIns3P and PtdIns(3,5) P 2 using a conserved FRRG motif. PROPPINs play a key role in macroautophagy in addition to other functions. We present the 3.0-Å crystal structure of Kluyveromyces lactis Hsv2, which shares significant sequence homologies with its three Saccharomyces cerevisiae homologs Atg18, Atg21, and Hsv2. It adopts a seven-bladed β-propeller fold with a rare nonvelcro propeller closure. Remarkably, in the crystal structure, the two arginines of the FRRG motif are part of two distinct basic pockets formed by a set of highly conserved residues. In comprehensive in vivo and in vitro studies of ScAtg18 and ScHsv2, we define within the two pockets a set of conserved residues essential for normal membrane association, phosphoinositide binding, and biological activities. Our experiments show that PROPPINs contain two individual phosphoinositide binding sites. Based on docking studies, we propose a model for phosphoinositide binding of PROPPINs.
autophagy | protein-lipid interactions | X-ray crystallography | yeast P hosphoinositides play important roles in membrane trafficking processes. At least 11 phosphoinositide binding domains, among them the FYVE, PH, and PX domains, have been identified (1) . One class of phosphoinositide binding proteins that has not been structurally characterized so far is the β-propellers that bind polyphosphoinositides (PROPPINs) (2, 3) . They are conserved from yeast to humans and interact with polyphosphoinositides PtdIns3P and PtdIns(3,5)P 2 . Lipid binding of PROPPINs depends on a conserved FRRG motif (2, 4, 5) .
PROPPINs act as PtdIns3P binding partners during macroautophagy and its selective subtypes (4) (5) (6) (7) (8) (9) (10) (11) (12) . Macroautophagy, a fundamental intracellular trafficking pathway related to numerous diseases, unselectively recycles cytosolic material (13) (14) (15) (16) . It starts at the preautophagosomal structure (PAS) with the formation of autophagosomes. These double-membraned vesicles finally fuse with lysosomes, where their content is degraded.
Saccharomyces cerevisiae contains three PROPPINs: Atg18, Atg21, and Hsv2 (homologous with swollen vacuole phenotype 2). They are highly homologous but have different autophagic subtype specificities. Atg18 binds PtdIns3P-dependent to the PAS. As a core autophagy protein, it is required for macroautophagy and its selective variants, including the cytoplasm-to-vacuole targeting (Cvt) pathway, which targets proaminopeptidase I to the vacuole, and piecemeal microautophagy of the nucleus (PMN), which removes part of the nucleus (5, 17, 18) . Atg18 also binds PtdIns(3,5)P 2 -dependent to the vacuole, where it carries out nonautophagic functions, such as the regulation of the PtdIns3P 5-kinase Fab1, and vesicular transport from the vacuole to the Golgi (2, 19, 20) . Atg21 typically functions in selective autophagy variants (4, 21, 22) . The function of Hsv2 is unclear; only its requirement for efficient PMN has been described (21) . Atg18, Atg21, and Hsv2 are further recruited to endosomal structures in a PtdIns3P-dependent manner (23) .
Mammals contain four PROPPINs, named WIPI (WD-40 repeat-containing protein that interacts with PtdIns) (10) . WIPI1 and WIPI2 have been assigned as Atg18 orthologs, and WIPI3 and WIPI4 form a clade with Hsv2, whereas Atg21 seems to be restricted to yeasts (12) .
So far, it has remained elusive how PROPPINs bind PtdIns(3,5) P 2 and PtdIns3P beyond the requirement of the FRRG motif. Our aim was to characterize the phosphoinositide binding mechanism of PROPPINs on a molecular level. Here, we report the 3.0-Å crystal structure of Kluyveromyces lactis Hsv2, which shares 37% sequence identity with its S. cerevisiae homolog. Using different in vivo and in vitro approaches, we define a set of conserved residues within two individual basic pockets essential for normal membrane association and biological activities of the PROPPINs. This shows that PROPPINs contain two distinct phosphoinositide binding sites. We finally propose a model for phosphoinositide binding of PROPPINs based on docking studies performed with PtdIns3P and PtdIns(3,5)P 2 at both binding sites.
Results
Crystal Structure of K. lactis Hsv2. We tried to crystallize different yeast PROPPINs and obtained crystals of the Hsv2 homolog from K. lactis. Native KlHsv2 crystals diffracted up to a resolution of 3.0 Å. The structure was determined by single-wavelength anomalous diffraction phasing with a 3.4-Å dataset collected from a selenomethionine substituted crystal ( Table 1) . The structure was refined to a R work /R free of 19.7%/24.3% and comprises residues 14-269 and 275-338.
KlHsv2 forms a seven-bladed β-propeller. Each blade consists of four antiparallel β-strands, denoted as A to D from the inner to outer β-strand (Fig. 1A ). KlHsv2 has a nonvelcro closure of the propeller, where the seventh blade is entirely formed by the C-terminal end of the protein. This topology is rare, but examples of propeller proteins displaying a nonvelcro closure have been observed before, for example, prolyl oligopeptidase and others (24) (25) (26) . However, most of the known β-propeller struc-tures have a velcro-like topology, where the N terminus contributes one or more strands to the last blade (27, 28) .
The β-strands within the blades of KlHsv2 are connected by short loop regions. An exception is blade 6, where a long loop comprising residues 254-278 connects strands C and D. Residues 270-274 within this loop are disordered in the 3.0-Å resolution structure. We also determined a KlHsv2 structure at a resolution of 3.35 Å, where these residues are visible in the electron density map, likely attributable to a tighter packing of the molecules in the crystal lattice, because this crystal had a smaller unit cell ( Table 1) .
The conserved FRRG motif, which is essential for phosphoinositide binding of PROPPINs is localized at the end of strand D in blade 5 and the loop connecting it with strand A of blade 6 (Fig. 1B) . It is part of a positively charged and highly conserved region at the circumference of the β-propeller ( Fig. 1 C and D) .
In the 3.0-Å electron density map, we observed two spherical densities on either site of the FRRG motif. A third similarly shaped density was found near the center of the β-propeller (Fig.  S1 A-C). Based on their shape and size, we modeled these densities as sulfate ions ( Fig. 1 B, F, and H) . The B-factors of sulfate ion 1 and sulfate ion 2 are 89.1 Å 2 and 105.2 Å 2 , respectively, whereas the overall B-factor of the refined structure is 77. 7 Å 2 . This indicates that the sulfate sites are not fully occupied; however, at a resolution of 3 Å, occupancy refinement cannot be done. To confirm that these sites are indeed occupied by sulfates, we also included water molecules at these positions, and in the case of site 2, the disordered side chain of K245 but positive density in the difference maps remained at these positions, confirming that sulfate ions are bound (Fig. S2 A-E) .
These sulfate ions originated from the crystallization buffer, which contained 1.6 M magnesium sulfate. Sulfate ions often indicate the positions of the phosphates of phosphoinositide head groups (29) (30) (31) . Sulfate site 3 is located in proximity to a negatively charged surface patch, which would be repulsive for membrane association, and thus is unlikely to represent a phosphoinositide binding site (Fig. S1C) .
The two sulfate ions near the FRRG motif, which is required for phosphoinositide binding, however, indicate potential phosphoinositide binding site(s). Each of the FRRG arginines points to a sulfate ion. R220 interacts with sulfate 2, whereas the side chain of R219 is oriented toward sulfate site 1 (Fig. 1B) . However, crystal packing contacts might affect the conformation of R219. W277, which is near R219, points toward sulfate 2 ( Fig. 1  G and H) . It is constrained in this conformation by stacking against the C-terminal end of a symmetry-related molecule in the crystal lattice (Fig. S1D ). Without these packing contacts, the indol ring could swing out, leaving more space for R219, such that, in principle, R219 could point toward sulfate site 2. However, a 30-ns molecular dynamics (MD) simulation showed that R219 remains orientated toward sulfate binding site 1, despite the aromatic side chain of W277 moving away from sulfate site 2 (Fig. S1E) .
Sulfate binding site 1 is freely accessible and not involved in crystal packing contacts. Sulfate 1 forms electrostatic interactions with R205 and H178. In addition, it forms hydrogen bonds with the side chains of S198 and N 180 and the backbone amides of A179 and N180 ( Fig. 1 E and F) .
Sulfate 2 is stabilized by electrostatic interactions with R220 of the FRRG motif and H249 ( Fig. 1 G and H) . Sulfate 2 also interacts with the side chain of T247 and a water molecule, which, in turn, forms a hydrogen bond with D223. Residues K245 and K283 are both located in proximity to sulfate 2. Their side chains are disordered in the crystal structure, and both residues were modeled as alanines as indicated by asterisks in Fig. 1G . The FRRG arginine R220 is locked in its conformation by a salt bridge with D223 and a network of hydrogen bonds between the guanidinium group and the carbonyl oxygens of G201 and D223. Larger residues than G221 (FRRG) would clash with the R220 side chain, which explains the requirement for a glycine at this position. Residues RRG of the FRRG motif are invariant, whereas the phenylalanine can be substituted by a leucine (2) . The aromatic side chain of F218 (FRRG) participates in hydrophobic interactions between blades 5 and 6, and steric constraints are not as stringent at this position. The two FRRG arginines point to the two sulfates irrespective of crystal packing contacts. Previously, two sulfate ions were detected in a single phosphoinositide binding site (31) . However, the sulfates in our structure are 16.2 Å apart, whereas the distance between P1 and P3 in PtdIns3P is 6.5 Å, which excludes the possibility that they are part of the same binding site. Also, both sulfate sites are clearly separated by strand D of blade 5 and the loop connecting it to strand A of blade 6 ( Fig. 1 B-D) . Therefore, we speculated that either sulfate site 1 or 2 alone represents a phosphatidylinositol phosphate (PIP) binding site or, alternatively, the two sulfate sites correspond to two PIP binding sites.
We performed mutagenesis studies to probe the capabilities of sites 1 and 2 for phosphoinositide binding. We selected 10 basic and polar residues in proximity to the two sulfate binding sites, which are highly conserved among the Atg18 family members (Fig.  S3) , and mutated them to alanines in ScHsv2 (Fig. 1 E and G and Table 2 ). The KlHsv2 residue R105 is localized opposite to the two FRRG sulfate binding sites at the bottom of the β-propeller near sulfate 3 ( Fig. 1 E and G) . In the crystal structure, the side chain of R105 is disordered and the residue was modeled as an alanine, as marked by an asterisk in Fig. 1 E and G. We included this residue as a control in our mutagenesis studies. We first tested PIP binding of these mutants both in vitro and in vivo.
Liposome Flotation Assays of ScHsv2 Mutants. We analyzed binding of the recombinantly expressed ScHsv2 mutants to 2% (wt/wt) PtdIns3P containing liposomes with liposome flotation assays ( Fig. 2A ). Both WT ScHsv2 and the positive control ScHsv2 R123A were only found in the light top fractions, whereas for the negative controls, the FTTG ScHsv2 R264T R265T and FAAG double mutants, proteins were only present in the bottom fractions. In control experiments with PtdIns3P free liposomes, no binding was observed for WT and ScHsv2
R123A . Six residues from sulfate binding site 1 were analyzed ( Fig. 2A and Table 2 were found in both the top and bottom fractions, which implies that these residues contribute to PtdIns3P binding but are not essential.
Membrane Recruitment of GFP-ScHsv2 and GFP-ScAtg18 Mutants in S. cerevisiae Cells. Next, we analyzed whether our in vitro results correlate with a loss of membrane association in vivo. For this purpose, we analyzed the membrane recruitment of both the GFP-ScHsv2 mutants and the corresponding GFP-ScAtg18 mutants by fluorescence microscopy. Both Atg18 and Hsv2 bind via PtdIns3P to endosomes. Atg18 is also recruited to the PAS in a PtdIns3P-dependent manner. These two PtdIns3P-positive structures can be distinguished using either the PAS marker RFP-Atg8 or the endosome marker Snf7-RFP. We coexpressed these markers in our studies to confirm the integrity of both PtdIns3P-dependent organelles. Cyan-colored residues were mutated to alanines. The side chains of K245, K283, and R105 were disordered (indicated by an asterisk), and these residues were modeled as alanines. R105 is localized opposite to both sulfate binding sites near the third sulfate ion and is colored magenta. (H) Close-up view of sulfate site 2 with the overlaid electron density map (blue) and the omit difference map contoured at +3.0 σ (green). This figure was prepared with PyMOL (52).
The atg18Δ cells expressing WT GFP-ScAtg18 and the hsv2Δ cells expressing WT GFP-ScHsv2 showed the expected green punctate structures in fluorescence microscopy, indicating membrane association ( Fig. 2B and Fig. S4 A and B) . The positive controls GFP-ScHsv2 R123A and GFP-ScAtg18 K102A behaved like the WT proteins.
Four mutations of sulfate binding site 1 (ScAtg18: S264A, T268A, R271A, and R285A and ScHsv2: S243A, T247A, R250A, and R264A) resulted in a release of the protein into the cytosol (Fig. 2B, Fig. S4 A and B, and Table 2 ), suggesting an essential role of these amino acids for membrane association. In contrast, WT-like localization was observed for both GFP-Atg18
H244A and GFP-Atg18 Q283A (corresponding to GFP-Hsv2 H223A and GFPHsv2 E262A ), which demonstrates that these residues are not important for membrane binding.
Similarly, we identified four amino acids near the sulfate binding site 2 that are essential for membrane association (ScAtg18: R286A, S311A, T313A, and H315A and ScHsv2: R265A, K290A, T292A, and H294A). These findings are in agreement with the liposome flotation assays. In fact, the loss of membrane association observed for three mutants, GFP-ScHsv2 T247A (site 1) and GFP-ScHsv2 K290A and GFP-ScHsv2 T292A (both site 2), is more striking in vivo compared with the in vitro situation, where these mutants still remained partially associated with the liposomes (summarized in Table 2 ).
Taken together, we identified, in addition to the known double-arginine motif, a set of conserved residues within the two distinct basic pockets localized on both sites of the FRRG motif. These residues are essential for normal membrane association of PROPPINs in living cells. Our in vivo and in vitro results show that PROPPINs contain two PtdIns3P binding sites.
Requirement of Both Binding Sites for Effective Phosphoinositide
Binding in Vitro. We next investigated whether both binding sites might act in PtdIns3P binding. We prepared double mutants of ScHsv2 and compared their PIP binding properties with the corresponding single mutations.
As a first approach, we used protein lipid overlay assays (32) . We selected the site 1 mutant ScHsv2 S243A and the site 2 mutant ScHsv2 H294A , which are both required for PIP binding (Table 2) . Both single mutants, GST-ScHsv2 S243A and GST-ScHsv2 H294A , showed a reduced binding to PtdIns3P and PtdIns(3,5)P 2 compared with the WT protein (Fig. S5) . The corresponding double mutant, GST-Hsv2 S243A H294A , almost completely lost binding to PtdIns3P and PtdIns(3,5)P 2 , as did our negative control, the FAAG mutant GST-Hsv2 R264A R265A . These data suggest that both sites bind phosphoinositides and that they act in concert to increase the avidity of PROPPINs for membranes.
Next, we used reflectometric interference spectroscopy to measure PtdIns3P binding quantitatively (33, 34) . In these experiments, silicon wafers with an oxide layer sufficiently thick for interference fringes were incubated with small unilamellar vesicles composed of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and 3% PtdIns3P. This results in the formation of a lipid bilayer on the wafer. The coated wafers were then incubated with increasing concentrations of GST-ScHsv2 mutant proteins. Binding of the protein to the membrane bilayer was detected spectroscopically. The adsorption isotherm of WT ScHsv2 showed a K d of 1.3 ± 0.2 μM in three independent experiments (Fig. 3 A and  B) . No significant binding was observed for membrane bilayers consisting of pure DOPC, confirming that membrane binding strictly depends on the presence of PtdIns3P. As expected, the ScHsv2 R264A R265A mutant protein showed no significant membrane binding up to a concentration of 5 μM. We also selected four single-mutant proteins for measuring their PtdIns3P affinities by reflectometric interference spectroscopy. These four single-mutated proteins, ScHsv2 R264A and ScHsv2 S243A (both from site 1) and ScHsv2 R265A and ScHsv2 H294A (both from site 2), showed no detectable binding (Fig. 3C and Table 2 ). GST alone also did not yield any detectable binding. These measurements clearly show that both sites directly bind to PtdIns3P and that both sites are needed for effective membrane association.
To determine the stoichiometry of PtdIns3P binding directly, we performed isothermal titration calorimetry (ITC) measurements. ScHsv2 was titrated into liposomes consisting of 2% PtdIns3P, 73% phosphatidylcholine, 23% phosphatidylethanolamine, and 2% Texas Red-phosphatidylethanolamine, which were prepared in the same way as the liposomes used for the liposome flotation assays. We observed an average molar ratio of 0.50 ± 0.06 from four measurements for protein binding to PtdIns3P, which corresponds to two PtdIns3P binding sites per PROPPIN molecule (Fig. 3D ). The measured K d is 0.67 ± 0.04 μM. The differences in K d between the ITC and reflectometric interference spectroscopy measurements might be attributable to differences in membrane curvature (i.e., liposomes vs. a flat membrane) and differences in lipid composition of the membranes.
Relevance of the Two PIP Binding Sites for Macroautophagy and the Cvt Pathway. After establishing that both PIP binding sites are needed for effective membrane recruitment in vitro, we wanted to investigate whether the two PIP binding sites are also of functional importance. We chose ScAtg18 for functional characterization because this core autophagy protein is essential for unselective macroautophagy and all selective autophagy subtypes (17, 18) . We measured the autophagic rate in atg18Δ cells expressing with the endogenous promoter the mutated Atg18 proteins tagged with an HA epitope. We used an established assay based on the degradation of a cytosolic GFP fusion of 3-phosphoglycerate kinase (Pgk1-GFP) (35) . Here, autophagic breakdown of Pgk1-GFP yields proteolysis resistant GFP, which accumulates within the vacuole. The GFP level determined in Western blots thus reflects the autophagic rate. The autophagic rate of cells expressing WT Atg18-HA after 6 h of starvation was set to 100% (Fig. 4 A and B and Fig. S6 ). We measured the autophagic rate in five independent experiments and calculated the SEM for cells expressing the mutant proteins.
As expected, the positive control Atg18 K102A -HA showed WT-like autophagic activity (101%) (Fig. 4B and Table 2 ). In agreement with their previously established clear cytosolic localization, the four mutations affecting binding site 1 (S264A, 65%; T268A, 61%; R271A, 64%; and R285A, 75%) and four additional mutations in the second binding site (R286A, 44%; S311A, 61%; T313A, 85%; and H315A, 49%) of Atg18 led to a reduced autophagic rate (Fig. 4B) . We assume that the only partial reduction of macroautophagy is attributable to proteinprotein interactions within the living cell, which lead to a small residual amount of membrane-associated Atg18 proteins. In fluorescence microscopy, the large amount of protein released into the cytosol prevents detection of such faint structures, whereas accessory proteins were absent in our in vitro assays.
In general, the second binding site seems to have a stronger effect on the autophagic activity of Atg18. To test whether both binding sites act in concert, we also measured double mutants containing one mutation in either of the two PIP binding sites. Indeed, Atg18 R285A R286A -HA (26%), Atg18 S264A H315A -HA (34%), Atg18
R285A H315A -HA (28%), and Atg18 S264A R286A -HA (34%) showed a more severe reduction of the macroautophagic rate. Even Atg18 penta -HA (28%), containing five mutations divided between both binding sites (S264A, R285A, and H244A of site 1 and R286A and H315A of site 2), showed no complete macroautophagy block. This is in line with previous findings with the Atg18 FTTG mutant, which is strongly affected in phosphoinositide binding (4, 5) but might still be partially recruited to the PAS by its interaction partner Atg2 or other components (8, 9, 36) . Two mutations at binding site 1 (Atg18 H244A and Atg18 Q283A ), which are not essential for membrane association of the proteins, showed a somewhat reduced autophagic rate (71% and 88%, respectively). The atg18Δ cells showed the expected complete autophagy block.
To dissect the roles of both PIP binding sites for selective autophagy, we further analyzed the Cvt pathway. The Cvt pathway is a constitutive transport pathway active under nutrient-rich conditions, which selectively targets proaminopeptidase I (pApeI) to the vacuole, where it is proteolytically matured. We determined the extent of pApeI maturation under both logarithmic (OD 600 = 1) and stationary growth conditions (OD 600 = 6). As shown in Fig. 4C , the effects of single mutations in both binding sites were less severe than their effects on macroautophagy. Similar to the measurements of the macroautophagic rate, combining mutations in both binding sites resulted in a more severe phenotype. To exclude the possibility that the observed effects on macroautophagy and the Cvt pathway resulted from instability of the Atg18 mutant proteins, the samples were reprobed with an HA antibody. Compared with the WT protein, the levels of the mutant proteins were not significantly altered. Our data show that both PIP binding sites are of functional importance for macroautophagy and the selective Cvt pathway. Pictures were taken using a DeltaVision Spectris fluorescence microscope and deconvoluted using WoRx (Applied Precision) software. For each ScAtg18 mutant, the corresponding KlHsv2 mutant is shown below in parentheses.
uoles and those with a single large vacuole, indicating at least partial functionality of the mutated proteins (Fig. S7) . The doublemutated proteins Atg18 -HA did not restore normal vacuole morphology. These findings are in good agreement with the effects measured on macroautophagic activity and demonstrate that both binding sites are also relevant 4 . Analysis of the functional relevance of a set of conserved residues for autophagy. Cells deleted for ATG18 and cotransformed with pRS316-PGK1-GFP and pRS313-Atg18-HA, the relevant Atg18-HA mutants, or an empty plasmid as a negative control were grown to stationary phase in selection medium and shifted for 6 h to SD-(N) medium to induce macroautophagy. Samples are taken every 2 h. Only Western blots of representative strains are shown; residual blots are shown in Fig. S6 . (A) (Top) Pgk1-GFP and GFP are detected using a GFP antibody; the amount of free GFP represents the autophagic rate. (Middle) Samples were reprobed to follow the Cvt pathway using an Ape1 antibody, which detects pApe1 and mApe1. (Bottom) Samples were further reprobed with an HA antibody to demonstrate the stability of the Atg18-HA proteins. (B) Autophagic rate is determined by quantifying the amount of free GFP using AIDA software (Raytest). The amount of free GFP of the Atg18-HA WT at 6 h is set to 100%. (C) To monitor the Cvt pathway, the percentage of mApe1 has been calculated from the total amount of pApe1 and mApe1 before starvation using AIDA software. Mutants in binding site 1 are labeled yellow, mutants of binding site 2 are shown in cyan, and mutants carrying mutations in both binding sites are shown in green. The WT, the negative control with empty plasmid, and the control mutant (K102A) with a mutation opposite to the binding sites are labeled in gray.
for a cellular function of Atg18 dependent on PtdIns(3,5)P 2 binding and that they act in concert.
In Silico Analyses of the Phosphoinositide Binding Sites and Membrane
Association. To gain further insights into PtdIns3P and PtdIns(3,5) P 2 binding, we performed in silico docking. A 30-ns MD simulation of solvated KlHsv2 using the coordinates of a 3.35-Å crystal structure, which includes the complete loop connecting strands C and D in blade 6, showed that this loop is the most flexible region of the molecule and adopted different conformations. Overlaying the crystal structure with the coordinates of the simulation end point showed release of W277 from its crystal packing contacts, freeing binding site 2 (Fig. S1B) . We further docked PtdIns3P and PtdIns(3,5)P 2 into both binding pockets with AutoDock 4.2 (37) . KlHsv2 residues H178, S198, D200, T202, R205, and R219 are involved in PtdIns3P binding in site 1 (Fig. 5A and Fig. S8C ). Salt bridges formed between phosphates P1 and R219 and between P3 and R205. In a similar manner R220, K245, H249, and K283 were important for PtdIns3P binding in site 2 (Fig. 5B and Fig. S8C ). Phosphate P1 formed a salt bridge with H249 and R220, whereas phosphate P3 interacted with K245 and K283. However, docking for site 2 might not be as precise as for site 1, because the side chains of K245 and K283 are disordered in the crystal structure. For PtdIns (3,5)P 2 , H178 and H249 needed to be protonated for successful docking. Although protonation of these residues did not change docking of PtdIns3P, PtdIns(3,5)P 2 was recognized by the same residues as PtdIns3P with additional salt bridges between phosphates P5 and H178 in site 1 and K283 in site 2 ( Fig. S8 A and B) .
Based on PtdIns3P docked in both sites, we propose a model for PROPPIN membrane recognition (Fig. 5C) . When defining the membrane as the horizontal plane cutting through the two phosphates P1 of the PtdIns3P, the two loops connecting strands 6C and 6D and 7C and 7D, respectively, would insert into the bilayer. The propeller then binds perpendicular to the membrane.
Discussion
Previous studies uncovered the crucial role of an FRRG motif for phosphoinositide binding of PROPPINs (2, 5, 9) . In our KlHsv2 crystal structure, these arginines are localized on the circumference of the β-propeller (Fig. 1B) within two distinct conserved basic pockets. A similar arrangement of two consecutive arginines was observed in the crystal structure of the PH domain of Slm1 (synthetic lethal with MSS4 protein 1). Here, the two arginines, which are both essential for lipid binding, point toward two predicted lipid binding sites: the canonical phosphoinositide binding site and a second putative dihydrosphingosine-1-phosphate binding site (38) .
Our ITC measurements show that PROPPINs have two phosphoinositide binding sites. We mutated conserved residues of PROPPINs within both lipid binding sites and identified seven residues (for ScAtg18: S264, T268, R285 and R271 in binding site 1 and R286, S311 and H315 in binding site 2; Table 2 ) critical for membrane association both in vivo and in vitro. In contrast, biological activities, such as macroautophagy and the Cvt pathway, were only partially affected, most likely attributable to residual protein-protein interactions. The additive effects of double mutations within the two sites demonstrated that both are needed for normal membrane association and function.
Comparison of the in silico docked structures of KlHsv2 with known phosphoinositide binding domains showed that the head group is oriented similar to that of the PtdIns3P head group in the EEA1-FYVE domain with the phosphate P3 pointing outside of the binding pocket (39) . Remarkably, most FYVE domains must dimerize for efficient binding to endosomes to allow coordinated binding of two PtdIns3P molecules within the same membrane (40) (41) (42) (43) . This suggests that for normal membrane association of these proteins, the affinity of a single phosphoinositide binding site might not be sufficient. In agreement, mutation of a single critical residue in either site 1 or 2 of PROPPINs abolished membrane binding. This explains why PROPPINs have two PIP binding sites.
Based on our docking studies, we propose a model for membrane recognition of PROPPINs, where the β-propeller adopts a perpendicular orientation toward the membrane (Fig. 5C ). This model further predicts the insertion of two loops into the membrane, which would synergistically enhance the membrane association of PROPPINs. Participation of membrane insertion loops and nonspecific electrostatic interactions in membrane binding has already been demonstrated for several phosphoinositide binding proteins (1, 43) , for example, the PtdIns3P binding PX domain of Vam7p (44) and FYVE domains (45) .
Spatial distribution of phosphoinositides is one criterion to define an intracellular compartment (1) . Selective recognition of phosphoinositides is thus a key determinant for protein localization. Studies on PROPPINs, including those from S. cerevisiae, Drosophila melanogaster, Caenorhabditis elegans, and humans, indicate that some of them are able to bind both PtdIns(3,5)P 2 and PtdIns3P (4-7, 12, 46) . Indeed, our docking studies suggested that PtdIns3P and PtdIns(3,5)P 2 fit into both binding pockets. Docking of PtdIns(3,5)P 2 was only successful when H178 and H249 of KlHsv2 were protonated. This is reminiscent of the histidine switch observed for PtdIns3P binding of the EEA1-FYVE domain (47) and PtdIns(3,4,5)P 3 binding of the GRP1 PH domain (48) . We thus speculate that PtdIns(3,5)P 2 binding might also depend on pH. Indeed, PtdIns3P is typically restricted to endosomes and the PAS, whereas PtdIns(3,5)P 2 is found at the vacuolar membrane. So far, a PtdIns(3,5)P 2 -dependent biological function has been documented only for ScAtg18a (2, 19, 20) .
PROPPINs are members of the family of WD-40 propeller proteins, which typically act as scaffolds for protein-protein interactions (28, 49) . We expect that binding of ScAtg18 to PtdIns (3,5)P 2 and PtdIns3P at different loci is mediated by additional protein-protein interactions. At the PAS, a protein complex of Atg18 with the integral membrane protein Atg9 and the peripheral membrane protein Atg2 was detected (36) . Apparently, a stable Atg18-Atg2 complex is formed in the cytosol and then recruited by the transmembrane protein Atg9 to the PAS (9), although an Atg18-containing protein complex regulating the PtdIns3P 5 kinase Fab1 was reported at the vacuolar membrane (19, 20) . Taken together, both protein-lipid and protein-protein interactions may determine the correct in vivo localization of PROPPINs and, compared with our in vitro measurements, may yield even higher affinities for membrane binding.
Materials and Methods
A detailed description of cloning, mutagenesis, and protein purification procedures is provided in SI Materials and Methods. The crystallization and structure determination of KlHsv2; liposome flotation assays; protein lipid overlay assays; reflectometric interference, ITC measurements and the MD simulation; and docking studies are also described there. Detailed procedures of the fluorescence microscopy analysis; measurements of the macroautophagic and Cvt pathway rates are also given.
